Graphene-derived nanomaterials are emerging as ideal candidates for postsilicon electronics. Elucidating the electronic interaction between an insulating substrate and few-layer graphene (FLG) films is crucial for device applications. Here we report electrostatic force microscopy (EFM) measurements revealing that the FLG surface potential increases with film thickness, approaching a "bulk" value for samples with five or more graphene layers. This behavior is in sharp contrast with that expected for conventional conducting or semiconducting films, and derives from unique aspects of charge screening by graphenes relativistic low energy carriers. EFM measurements resolve previously unseen electronic perturbations extended along crystallographic directions of structurally disordered FLGs, likely resulting from long-range atomic defects. These results have important implications for graphene nanoelectronics and provide a powerful framework by which key properties can be further investigated.
Graphene-derived nanomaterials are a promising family of structures for application as atomically thin transistors, sensors, and other nanoelectronic devices.
1−3 Graphene, a honeycomb sheet of sp 2 -bonded carbon atoms, and nanotubes, graphene sheets rolled into seamless molecular cylinders, share a set of remarkable electronic properties making them ideal for use in nanoelectronics: tunable carrier type and density, exceptionally high carrier mobility, and structural control of their electronic band structures.
4−6 A significant advantage of graphene is its two-dimensionality, making it compatible with existing planar device architectures. This application requires fabrication processes where few-layer graphene (FLG) films are supported on insulating substrates. While prior theoretical work considered the effect of a substrate on the electronic structure of FLG, 7−12 few experiments have directly probed the graphene-substrate interaction. 10, 13 Quantitative understanding of charge exchange at the interface and the spatial distribution of the resulting charge carriers is a critical input to device design.
Here we use electrostatic force microscopy (EFM) to probe the electrostatic interactions within FLG samples on SiO 2 substrates. We observe the effects of charge exchange between the FLG and the substrate on the surface potential, and we use its variation with thickness to quantify the layer charge distribution in the FLG. For films less than five layers thick, we observe substantial reduction in the electrostatic potential measured at the exterior graphite surface as the number of layers decreases. We infer that the charge distribution induced in the FLG differs significantly from that expected for the conventional situation of a conducting or semiconducting thin film. We propose a nonlinear Thomas-Fermi theory for the FLG charge carriers and find excellent quantitative agreement with the data. The theory predicts that as the surface potential asymptotically approaches the thick film value, it is reduced by a universal finite thickness correction; the analytic form of this correction and its magnitude are in excellent accord with our measurements. These results highlight the importance of charge exchange between the FLG and the substrate, and provide a general framework for interpreting such interactions in this important family of vertically integrated structures.
Our samples consist of FLG sheets transferred onto 300 nm SiO 2 /Si by mechanical exfoliation under ambient.
14 A Veeco Dimension 3100 atomic force microscope (AFM) with a conductive tip is used to record the sample topography and EFM phase in a two-pass mode. In the first pass, the AFM tip traces the sample topography (figures 1 and 2A). In the second (interleave) pass along the same scan line, the tip is biased with a DC voltage V tip and retraces the topography at a fixed lift height h above the surface. The cantilever is mechanically driven on resonance, and the phase shift of the cantilever oscillation is measured as a function of tip position. Modeling the cantilever as a harmonic oscillator of resonant frequency ω 0 , spring constant k, and quality factor Q, and adopting the standard convention that the measured phase shift Φ = φ + π/2 (where φ is the phase shift between the driving force and the cantilever oscillation), the phase shift over the sample, due to tip-sample capacitive coupling, is:
where C ′′ (h) is the second derivative of the difference between the tip-sample capacitance and the tip-bare substrate capacitance as a function of h, and V s (x, y) is the local electrostatic potential on the sample surface. The phase shift of equation (1) is zero when V tip equals the value of V s directly below the tip, so the surface potential can be mapped by EFM with spatial resolution of order 20 nm. EFM is an established technique for mapping the surface potential of planar samples, including semiconductor nanocrystals, thin films of polymers and polymer blends, and self-assembled monolayers.
17−21
From the measured sample topography, we identify well-defined FLG regions with numbers of graphene layers n ranging from 2 to 18. Figure 2A We quantify V s by measuring ∆Φ as a function of V tip , as shown in figure 3A for FLGs that are two and five layers thick. The maxima of the parabolic fits to the data (see equation (1)) lie at the different values of V s . Figure 3B shows the variation in ∆V s = V s − V max s as a function of thickness for FLGs with layer number ranging from 2 to 18. The surface potential is always positive, indicating hole doping in ambient.
1
For FLGs thicker than 5 layers (∼1.7 nm), the surface potential is approximately constant (V smax = 779 mV), and V s decreases sharply for thinner FLGs.
The central result of our EFM experiments is that the surface potential above FLG films varies strongly (over hundreds of meV) and monotonically with the film thickness. In the following paragraphs, we model the data quantitatively by assuming that the variation in surface potential is determined by the spatial distribution of doped charges (holes) that are transferred to the graphene from a thin (< 1 nm) interfacial layer of traps or defects at the silica surface. Based on measured current-backgate voltage characteristics of exfoliated FLG conducted in our lab and elsewhere, 1−3 we expect an areal carrier number density σ 0 ∼ 10 12 cm −2 . With these assumptions, we can use the thickness dependence of V s to probe the layer-by-layer charge distribution in the FLG. We find that this model of intrinsic screening in the FLG provides an excellent quantitative description of our observations. This is consistent with the expectation that extrinsic contributions to the surface potential (e.g., charge contamination and adsorbed water) typically lead to a uniform shift in surface potential that does not vary with FLG thickness.
The graphene charge distribution is determined by competition between kinetic energy of the doped carriers and their interaction with a self-consistent electrostatic potential. We describe it with a nonlinear Thomas-Fermi (TF) theory for the doped carriers in the continuum limit, appropriate when the layer areal carrier density σ(z) changes smoothly on a scale of the interlayer spacing d, assumed to be much less than the FLG thickness D. In the theory, the kinetic energy of the doped carriers in each layer increases with areal number density as σ(z) 3/2 instead of σ(z) 2 as it would for a conventional compressible (conducting) system. This crucial difference reflects the massless low energy graphene dispersion relation for doped carriers used in the non-linear TF theory, which does not treat the effect of quantum coherence between the graphene layers. The assumption of decoupled graphene layers is accurate when the local Fermi energies are far from the charge neutrality point and their shifts are large compared to the size of the interlayer hopping amplitudes. We also note that this was the model successfully applied in references 22 and 23 to study intercalated graphite and has been found 24 to have good agreement with a self-consistent tight binding model in the range of layer charge densities relevant to our FLG samples.
The theory is formulated in terms of a quantity f (z) = σ(z) which is a solution to the nonlinear equation
where γ = 2 √ πhv F /3,β = 4πe 2 /3γ, subject to the boundary conditions [df /dz] z=0 = 2βσ 0 and [df /dz] z=D = 0 (see supporting text for details). To understand the solutions we scale f (z) by its maximum value f 0 at the interface and define the ratio parameter
The dimensionless parameter Γ determines r D and consequently the nature of the FLG screening. When Γ > 1 the system is in a strong coupling regime dominated by its electrostatic energy; here r D ≪ 1 and the doped hole distribution is strongly peaked near the oxide interface. The FLG contribution to the measured V s can be expressed in terms of r D , giving the central result of the Thomas-Fermi theory
where V 0 = 3γβσ 0 d s /2 is a constant offset due to the charge distribution in the substrate. Here d s is the characteristic depth of ionized acceptors in the SiO 2 , estimated to be 0.5 − 1nm if the charge resides in an interfacial defect or impurity layer, as expected. Thus the graphene contribution dominates the surface potential whenever
In this situation, variations in the surface potential V s with film thickness D are controlled entirely by the distribution of charge in the FLG in the experimentally relevant situation where σ 0 is independent of D.
13
Our samples are described by the strong coupling limit of the TF model, for which we find V s ≈ (3γ/2)(3βdσ ) determined by the areal charge density. As it approaches this limit, V s contains a universal (independent of σ 0 ) finite size "thin film" correction. Using the accepted values γ = 6.5eV·Å andβ = 9.5, we calculate the finite size correction
including the effect of a static dielectric constant κ perpendicular to the layers. Although this 1/D 2 dependence resembles the confinement energy of a quantum mechanical gas of massive doped holes, here it arises from a competition between the two-dimensional kinetic energy for a gas of massless carriers (which suppresses spatial variations in σ(z)), and the Coulomb interactions in the third dimension (which favors them). Appropriate values of the dielectric constant for the FLG/SiO 2 interface region lie in the range 2 < κ < 3;
22−24 the solid lines in figure 3 correspond to these lower and upper bounds, while the dotted line (using κ = 2.5) gives an excellent fit to the data. Though our present measurements do not exclude the possibility of an exponential decay (as expected for screening by massive carriers), the excellent quantitative agreement with eq 5 gives strong support for the non-linear Thomas-Fermi behavior along the c-axis in FLG samples.
Solving equation (2) 
12 cm −2 , which is understood as arising from charge exchange to a small acceptor density at the interface. This indicates that for our samples, the potential drop in the substrate and the FLG contribute roughly equally to the overall surface potential. Furthermore, it confirms that our FLG films realize the strong coupling limit of the model (Γ > 1) where the doped holes accumulate close to the interface with the oxide, with a strong power law decay into the FLG film. The rapid nature of this decay can be inferred directly from the rapid convergence of the surface potential V s to its thick film limit (figure 3B).
Our data is consistent with recent angle-resolved photoemission spectroscopy measurements of FLG on SiC;
13 indeed, neither study finds any evidence for the oscillatory charge and potential profile that are predicted from a linear response theory of the screening. 25 It is interesting to note that our analysis predicts that the induced charge profile in the graphene film has a power law decay, a situation that is thought to describe the layer charge distributions found in graphite intercalation compounds.
22−24 Furthermore, our model of charge exchange to a small density of defect/interface states is quite similar to conclusions reached via qualitative considerations of Fermi energy equilibration for pentacene films on SiO 2 .
26
These results suggest that EFM might also be used to investigate electronic perturbations in FLG films. In particular, structural disorder is expected to strongly alter FLG electronic properties 27, 28 in ways yet to be understood. To this end, we extend EFM measurements to the study of disordered FLGs, specifically a representative sample consisting of 9 graphene layers in the bulk ( figure 4A ). The presence of well-defined folds suggests a high density of defects and dislocations in the FLG, and associated local stresses within it. 29, 30 A comparison to the schematic in figure 4C shows that the many folds along the right edge of the film all fall along 100 "zig-zag" and 100 "armchair" directions of the graphene lattice.
Although mechanical stresses and folding along crystallographic directions of graphitic samples have been studied, 29,30 they have not been correlated with electronic properties. Strikingly, EFM phase images of the disordered FLG film indicate parallel stripe-like electronic perturbations along specific directions of the underlying honeycomb lattice (figure 4B). Topographical features corresponding to these stripes are not discernable by AFM. For clarity, the ends of one such stripe are indicated in figure 4B with arrows, where the potential over the stripe is reduced by ∼0.25V compared to the unperturbed bulk region, where we find V s = 0.76V, in agreement with figure 3 . Remarkably, all observed electronic stripe perturbations lie parallel (±3
• ) to a single fold direction of the underlying graphene lattice. Although we do not know the precise origin of these electronic perturbations, there are several possible sources, including grain boundaries or microcracks, 26 'scars', 25 or sp 3 -like rehybridization defects. 29, 30 Interestingly, similar electronic perturbations were observed at surface defects such as line dislocations and grain boundaries in pentacene multilayers.
The data suggest the intriguing possibility that EFM could prove useful for nanoscale imaging of local defects and their impact on electronic structure in graphene-based devices. 1 Materials and Methods
Graphene Preparation
Graphene samples are synthesized using a mechanical exfoliation technique similar to that described in Ref.
1. We start with a highly-doped Si substrate with 300nm of thermally-grown SiO 2 , cleaned with acetone and isopropyl alcohol. Adhesive scotch tape is used to extract and exfoliate a starting piece of bulk Kish graphite (Toshiba Ceramics, San Jose, CA). After the graphite has been sufficiently thinned, the tape is pressed against the SiO 2 surface and gently rubbed with the back of a tweezer for approximately 15s. The strength with which the tape is rubbed is varied across the sample surface, resulting in distinct FLG regions, some structurally pristine and others disordered. FLG regions of varying thickness are selected by visual inspection with an optical microscope.
Details of AFM and EFM measurements
Two different kinds of metal-coated SPM tips are used for AFM and EFM measurements: Ti-Pt tips (NSC18, Mikromasch) are characterized by force constant k ∼ 3.5N/m, quality factor Q ∼ 250, resonant frequency ω 0 ∼ 75kHz, tip curvature radius ∼ 40nm; Cr-Au tips (NSC15, Mikromasch) are characterized by k ∼ 40N/m, quality factor Q ∼ 200, resonant frequency ω 0 ∼ 325kHz, tip curvature radius ∼ 50nm. AFM height measurements are done using intermittent contact mode.
Identification of Number of Layers
Previous experiments have indicated the possible presence of a "dead layer" between the FLG and the SiO 2 substrate that causes AFM measurements of the graphene thickness to be increased by up to several angstroms 1 . If a dead layer were present, accurate identification of the number of layers in the FLG would be complicated. However, the number of layers present in a FLG region can be accurately measured by AFM if the film contains folds or wrinkles. AFM measurements of a folded FLG region prepared on the same chip as our samples indicate that the thickness of the dead layer, if there is one, is much smaller than the thickness of a single graphene layer (0.34 nm), so we are able to accurately determine the number of graphene layers in our FLG films. An example of this is shown in fig. S1 .
EFM Measurements
By convention, the EFM phase shift ∆Φ is measured with respect to the bare substrate (i.e. ∆Φ = 0 over a SiO 2 /Si region with no deposited FLG). Each data point of fig. 3A (main text) represents the average of ∼5-10 different line scans over the same region (or the average of 10-20 line scans taken over two different regions of identical thickness -see the caption of Figure 3 ). As explained in detail in Ref. 2 , conducting samples exhibit a negative phase shift, while insulating samples exhibit a positive phase shift that depends on the sample dielectric constant. For electrically floating conducting samples such as FLGs, changes in φ(x, y) (given by equation 1 of the main text) result from changes in C ′′ (h), a geometric effect, or changes in the local sample surface electrostatic potential V s (x, y). Because the surface roughness of FLG bulk regions is of order 0.1 -0.5 nm (∼0.3% of the tip radius 3 ), C ′′ (h) is constant to an excellent approximation, and changes in ∆Φ reflect changes in V s . 4 We conducted multiple control experiments to verify the accuracy and reproducibility of the surface potential measurement. Height-dependent EFM measurements ( fig. S2A ) of ∆Φ over the same FLG region at fixed V tip have a power-law form ∆Φ ∼ h −1.6 , characterized by an exponent between that expected for a cone-plane geometry (C ′′ (h) ∼ h −1 ) and a sphere-plane geometry (C ′′ (h) ∼ h −2 ), as seen by others 5 . EFM measurements of the same FLG region were taken using two different lift heights, with the ∆Φ-V tip data shown in Fig S2B. The measured value of V s is verified to be independent of the lift height h, as expected.
Supporting Text

Outline of Thomas-Fermi Theory
The Thomas-Fermi (TF) theory describes the distribution of layer areal number densities σ(z) that are in equilibrium with respect to fluctuations δσ(z). The TF theory does not treat the effect of quantum coherence between the layers, and it applies in the controlled limit that the interlayer tunneling is tuned to zero. It is accurate when the variations of the interlayer potential or equivalently, when the local shift of the Fermi energies are large compared to the size of the interlayer hopping amplitudes.
For doped carriers described by the conical dispersion relation E(k) =hv F k, an excess areal carrier density contributes to the kinetic energy (per unit area) of each layer
i /3. The doped carriers in each layer also interact with a compensating density −eσ 0 in the substrate and with the charges in each layer. In the continuum limit, the grand potential for this system is
where γ = 2 √ πhv F /3 and µ is the chemical potential.
Minimizing Ω and defining f (z) = σ(z) one finds
and differentiating twice with respect to the observer coordinate z we obtain the equation quoted in the text
withβ = 4πe 2 /3γ. The boundary conditions can be determined by considering the behavior of the first derivative of eq. (4), along with the constraint of charge conservation
The solutions of eq. (5) are then obtained by using the conservation law
and then directly integrating df /dz to find f (z). In terms of a dimensionless variable of integration u = f (z)/f (0) we find
where r D = f (D)/f (0). Equation (9) provides a convenient relation between the dimensionless coupling parameter Γ and the screening parameter r D . Once r D is determined (4) can be used to find the graphene contribution to the surface potential
The first term on the right hand side is the contribution to the surface potential from the charge distribution in the graphene. V (0) is the potential at the graphene/silica interface and is offset from the potential deep in the silica because of the charge distribution in the charged acceptor layer. Setting the potential to zero in the silica bulk, we have
for an areal acceptor density σ 0 within depth d s of the interface. figure  4 of the main text. The height difference between the bulk region and the SiO 2 is ∼2.73 nm, while the height difference between the folded region and the SiO 2 is ∼5.3 nm, almost exactly twice as large. We thus conclude that the unfolded region consists of 8 layers (∼ 2.73 nm / 0.34 nm, 0.34 nm being the thickness of a single graphene layer), and that the thickness of the "dead layer" (if any) in this experiment is negligible compared to the interlayer spacing. figure 3 of the main text, and confirms that the measured value of V s is not sensitive to the lift height h.
